Background: Staphylothermus marinus, an archaeon isolated from a geothermally heated marine environment, is a peptide-fermenting, sulphurdependent organism with an optimum growth temperature of 92°C. It forms grapes of cells, which adhere to each other and to sulphur granules via their surface layer. This glycoprotein layer forms a canopy which is held at a distance of about 70 nm from the cell membrane by membrane-anchored stalks, thereby enclosing a 'quasi-periplasmic space'. Two copies of a globular protease, which probably serves an exodigestive function related to the organism's energy metabolism, are attached near the middle of each stalk.
Background
Archaea are adapted to extreme environmental conditions, such as salt concentrations above 4 M (for example, Halobacterium halobium [1] ), a pH below 1 (for example, Thermoplasma acidophilum [2] ) or temperatures beyond the boiling point of water (for example, Pyrobaculum aerophilum [3] ). They are of great interest, therefore, to a large number of biological disciplines. Thermophilic archaea have been particularly well studied as a source of thermostable proteins that are used in many analytical and biotechnological applications, such as the polymerase chain reaction (PCR). In addition, thermophiles are studied with regard to potentially ancestral features because they inhabit geothermally heated, anaerobic environments such as are thought to have prevailed at the origin of life [4] .
Staphylothermus marinus is a strictly anaerobic, sulphurdependent hyperthermophile isolated from deep sea fumaroles ('black smokers') of the East Pacific Rise (strain Al2) and from a shallow submarine sediment at the base of the Fossa vulcano at Vulcano island, Italy (strain F1) [5] . The organism grows in grape-like microcolonies of up to 100 cells within a temperature range of 65-98°C, and optimally at 92°C. Its main energy source is the fermentation of peptides [6] .
S. marinus F1 has recently been shown to possess proteins of very unusual structure and properties [7] [8] [9] , such as a filiform glycoprotein complex, tetrabrachion (Fig. 1a) , which forms the surface (S-) layer of the organism (Fig.  1b) [8] . As is common in hyperthermophilic archaea, most of which lack a murein or pseudomurein type cell wall, this S-layer surrounds the cell like an exoskeleton [8, 10] . Its outer surface is formed by a meshwork of 24 nm-long rods ('arms') that converge in groups of four into stalks of 70 nm length. These stalks are anchored to the cell membrane at their distal ends, creating a quasi-periplasmic space of constant width between the outer meshwork and the cell membrane. Tetrabrachion has an extreme thermal stability, even in the presence of strong denaturants: the arms denature around 115°C, and the stalk sustains heating up to about 130°C.
The stalk, which is a four-stranded ␣-helical coiled coil, carries two copies of a globular protease 32 nm below the outer surface meshwork (Fig. 1) [8] . This protease is an integral, stoichiometric component of the S-layer, and is the first known S-layer component with catalytic activity. Its location suggests that it is responsible for the generation of the peptides required in the energy metabolism of the cell. The protease has a molecular weight of 174 kDa, as determined by scanning transmission electron microscopy, of which 24 kDa are carbohydrates [8] . The interaction between stalk and protease is highly resistant towards extremely harsh conditions at neutral pH, but can be disrupted at mildly acidic pH. We have purified and characterized this protease, and have determined the sequence of its gene. The protease, which has a broad substrate specificity, is unusually resistant to heat even in the presence of strong denaturants, for which reason we have named it the STABLE (stalk-associated archaebacterial endo-) protease. Despite its large size, its sequence reveals it to be a member of the subtilisin family.
Results

Protease purification
The S-layer of S. marinus was extracted and sedimented in the presence of 1 % SDS, as described previously [8] . STABLE was separated from the S-layer by repeated extractions at pH 4.0 in the presence of 0.5 % SDS ( Fig. 2) and purified by molecular sieve chromatography on Superose-6. As determined by electron microscopy, 70-80 % of protease particles were extracted by this procedure. The protease purifies in two bands (as observed in an earlier study on the S-layer [8] ), most likely representing the monomer and the dimer, which are in equilibrium. After separation of the two bands by native SDS-polyacrylamide gel electrophoresis (PAGE), each gel lane was cut into slices and the proteolytic activity of each slice was determined. This experiment showed that both bands represented active forms of the protease (Fig. 2) . Native enzyme could also be dissociated from tetrabrachion by treatment with 6 M guanidine at pH 4, although many (more than ten) repeated extractions were necessary to separate the bulk of the protease from the S-layer.
As S. marinus cultures only grow to a very low cell density, the yield of S-layer, and hence of protease, was very low. Moreover, approximately three years ago cultures of strain F1 started producing increasing amounts of an extracellular, low molecular-weight protein despite apparently unchanged culture conditions. We named this protein 'glue protein' [8] because of its conspicuous compositional resemblance to the bluemussel submarine glue protein [11] . The extreme stickiness of S-layer preparations containing this protein further reduced the yield of protease.
Dependence of protease activity on pH and temperature
The proteolytic activity of the protease as a function of pH was determined at 60°C using a fluorigenic peptide substrate (Fig. 3a) . STABLE showed at least 10 % of its maximum activity in the pH range 5-11.5, with an optimum at 9.0. For comparison, the pH of the site from which 740 Current Biology 1996, Vol 6 No 6
Figure 1
The tetrabrachion-STABLE complex and its organization into an Slayer on the cell surface. Separation of native STABLE from the S-layer. The protease was extracted in the presence of 0.5 % SDS by sequentially lowering the pH in a single sample of S-layer. At each pH, the S-layer was washed twice -lanes (a,b) -and centrifuged, and the supernatants containing the native enzyme loaded on an 8 % acrylamide gel. The gel was stained with colloidal Coomassie [38] . MW, molecular weight markers (the scale only applies to denatured proteins and not to the protease, which is native under these conditions; it is only shown to allow a comparison with Figure 5c ). Lane (a) at pH 4 of an identical, unstained gel was sliced into pieces of 3 mm width and assayed for proteolytic activity. This activity, expressed as percent of the maximum value, is shown on the right. S. marinus F1 was isolated was 6.5, which corresponds to its optimal growth pH in culture [5] .
The temperature-dependence of proteolytic activity was determined in the range 0-100°C at pH 9. Beyond 100°C, no measurements were possible because synthetic peptides that contain the fluorogenic residue 7-amino-4-methylcoumarin (AMC), as well as substrates such as azocasein or casein labeled with resorufin, were found to be unstable. This raises questions about the validity of assays used to measure proteolytic activity above 100°C -most of the activity measured at these temperatures is due to spontaneous degradation of the substrate rather than to enzymatic activity. For STABLE, 10 % of maximum activity was reached at approximately 35°C and the rate of degradation increased continuously to 90°C (Fig. 3b) , beyond which it started decreasing. However, an extrapolation of these measurements indicated that STABLE maintained significant activity even above 100°C.
Dependence of protease stability on pH and temperature
The stability of the protease as a function of pH was determined by preincubating the enzyme for 15 minutes at different pH values and then assaying its activity at pH 9. This treatment did not have a significant effect on enzymatic activity in the pH range 3-12.7 (Fig. 4) . Above pH 12.8 and below pH 2.8, the activity dropped abruptly as a consequence of irreversible denaturation. In the presence of 0.25 % SDS, the protease is already irreversibly denatured at a pH of about 3.6, as judged from a mobility shift in SDS-PAGE [8] .
Both isolated and tetrabrachion-bound protease were investigated for their resistance to thermal denaturation. Samples were heated up to a given temperature, and then preincubated at this temperature for 10 minutes in the presence of 1 % SDS or 10 mM Ca 2+ and in the absence of both; the activity was then assayed at the standard assay temperature of 60°C. As shown in Figure 5a , the activity of the isolated protease slowly decreased with increasing preincubation temperature up to about 95°C, after which the protease quickly denatured. The addition of Ca 2+ had no effect (data not shown). The addition of SDS lowered the activity by about two-fold uniformly throughout the entire temperature range investigated. As the denaturation temperature of approximately 100°C did not change, this difference is probably not due to the denaturation of STABLE, but rather to the impairment of proteolytic activity by the detergent. An analysis of the SDS-containing samples by SDS-PAGE showed that STABLE rapidly autoproteolyzed during denaturation (Fig. 5c ), leading to a disappearance of the native protease band without concomitant appearance of a band for the denatured protease. An SDS-PAGE analysis of samples containing 6 M guanidine instead of SDS yielded similar results, except that autoproteolysis was already significant at 95°C (data not shown). Autoproteolysis upon incipient denaturation is observed in many proteases (for example, in members of the thermolysin family [12] ).
Tetrabrachion-bound protease, which was assayed in Slayer preparations, was significantly more thermostable than the isolated protease, and showed a surprising increase in activity after exposure to high temperatures (Fig. 5b) . The reasons for this stimulation are not clear, but we note that the solubility of the S-layer, which forms very large aggregates with the glue protein particles, is greatly increased after preincubation at higher temperatures. In the absence of Ca 2+ or SDS, the proteolytic activity of Slayer preparations increased after thermal preincubation
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Figure 3
Optimum pH and temperature for protease activity. The activity is expressed as a percentage of the maximum value. (a) pH activity profile for isolated STABLE. The indicated buffers were used for different pH ranges. Otherwise, the assay conditions of the standard procedure were used. (b) Effect of temperature on the proteolytic activity. up to about 120°C, after which rapid inactivation occurred. At preincubation temperatures above 135°C, no substrate turnover was detected. In the presence of 10 mM Ca 2+ , the activity was about two-fold higher throughout the entire temperature range, and residual activity was detected even after preincubation at 135°C. In the presence of 1 % SDS, the activity was two-fold lower (as already observed for the isolated protease), but the denaturation range of the enzyme was shifted to lower temperatures. An analysis of the SDS-containing samples by SDS-PAGE confirmed that STABLE rapidly autoproteolyzed during denaturation (Fig. 5c,d ), unless this occurred so rapidly that the degradation could not be completed (as was the case above 125°C, provided the band appearing at the position of the denatured protease was, in fact, this protein). In the presence of 6 M guanidine instead of SDS, significant autoproteolysis already occurred at 110°C (data not shown). Although the proteolytic activity of STABLE could not be assayed at temperatures beyond 95°C for lack of stable substrates, this autoproteolysis demonstrates that the protease is significantly active at least to 120°C.
Interestingly, the SDS-PAGE analysis also showed the partial separation of the protease from the S-layer (to less than 30 % of total), which was not observed in molecular sieve chromatography (data not shown). We conclude that at high temperatures the free protease is in equilibrium with its bound form, and that this equilibrium is shifted towards the free form by SDS, leading to a decrease in the observed temperature of denaturation (Fig. 5b) . A further interesting observation to emerge from the SDS-PAGE analysis was the fragmentation of polypeptides at high temperatures. Above 125°C, thermal fragmentation became significant, as judged by the complex band pattern, which was clearly not the result of proteolysis. Beyond 140°C, this decay increased dramatically and, at 150°C, only small polypeptide fragments were observed (data not shown). Using different proteins, such as bovine serum albumin, we found this to be a general phenomenon. Thus, the primary structure of proteins is, in general, unstable beyond 125°C and the observed residual activity of STABLE after exposure to 135°C is quite remarkable. We also conclude that the inherent instability of polypeptide chains precludes measurements of proteolytic activity at temperatures above 125°C.
Because the thermal stability of the tetrabrachion-attached protease was significantly higher than that of the free form, we analyzed whether the stability of the protease was affected by the drop in pH required for its isolation. When the pH 4 treatment was reversed by neutralization without prior separation of STABLE from tetrabrachion, the activity was indistinguishable from that of untreated samples. We conclude that the pH shock does not lead to an irreversible denaturation of the enzyme but that the increase in stability is due to the attachment of the protease to the stalk. In addition to a direct stabilization by intermolecular contacts, this could involve an indirect stabilization by preventing the autoproteolysis of the protease that would transform reversible denaturation events into irreversible ones. An additional stabilizing effect could be due to the glue particles, because in S-layer preparations isolated before strain F1 started expressing the glue protein at a greatly increased rate, both tetrabrachion and the protease were less stable to thermal denaturation (by about 10°C) in the presence of 1 % SDS or 6 M guanidine.
Substrate specificity
The substrate specificity of the protease was studied using different chromogenic peptide substrates and the bovine insulin B-chain. STABLE cleaved fluorogenic peptides carboxy-terminal to Ala, Val, Tyr, Phe or Arg residues 742 Current Biology 1996, Vol 6 No 6
Figure 4
Irreversible inactivation of the protease as a function of pH. The activity is expressed as a percentage of the maximum value. The protease was preincubated at the respective pH in the absence of substrate. The residual activity of the enzyme was determined at pH 9.0 by the standard activity assay. ( Fig. 6a ), but it did not attack Z-Leu-Leu-Glu-␤NA. These experiments were performed in order to compare STABLE to other proteases whose specificity has been assayed with such substrates. Nevertheless, it should be kept in mind that cleavage-site specificities determined with fluorigenic peptides have little relevance for the specificity in proteins, as has been established, for example, in the case of the proteasome [13] [14] [15] . This difference in cleavage-site specificity is most likely due to the very short length of fluorigenic peptides and to the strong influence of their non-peptidic groups on binding.
The cleavage-site specificity in a protein substrate was determined by incubating the protease with oxidized insulin B-chain at 80°C over a period of 23 hours. Under these conditions, insulin B-chain was not degraded in the absence of protease. The peptides generated were separated by reversed-phase high-performance liquid chromatography (HPLC) and identified by mass spectrometry. The cleavage sites identified unequivocally are summarized in Figure 6b . As the masses of some proteolytic fragments could not be assigned unequivocally and were therefore not considered in the evaluation, there may be additional cleavage sites. Even so, it is evident that STABLE has a broad substrate specificity. The ability to cleave insulin B-chain after both glutamate residues (Fig.  6b ) makes STABLE a likely candidate for the observed cleavage of the tetrabrachion precursor at Glu700-Gly701 during biosynthesis of the S-layer [9] .
Effect of inhibitors on protease activity
The susceptibility of STABLE to protease inhibitors is summarized in Table 1 . Proteolytic activity was clearly suppressed by most serine-protease inhibitors, but not by metalloprotease or cysteine-protease inhibitors. Hg 2+ , usually considered to be a cysteine-protease inhibitor, had a very strong effect on protease activity, but this is probably an unspecific effect, as demonstrated in studies of the proteasome [16] , which is a threonine protease [17] . On the basis of these data, it appears likely that STABLE is a serine protease and that, should it contain additional active sites, these are not of the cysteine or metalloprotease type.
Primary structure of STABLE
We obtained the nucleotide sequence of the structural gene for STABLE using a strategy that proved successful in the case of tetrabrachion [9] . In a first step, the protein was cleaved with cyanogen bromide or with the endoproteinase Lys-C, and 13 purified peptides were sequenced by Edman degradation (210 residues total). Oligonucleotides deduced from these sequences were used to perform inverse PCR on libraries of circularized restriction fragments. Four different libraries were used to generate a complete set of overlapping fragments, covering the structural gene and its flanking regions. Sequencing was performed initially with the degenerate primers used in the PCR procedures, and the data were completed by gene walking using homologous primers, such that both strands were sequenced completely. Hence, cloning could be avoided. As noted previously [7, 9] , this approach may lead to more reliable data than the sequencing of cloned genes, because any mutation occurring during PCR would average-out over the large number of template strands at the beginning of DNA amplification; in the cloning host, a selective pressure against toxic proteins is likely to lead to mutations which may not be obvious as such.
The open reading frame encoding STABLE was found to comprise 4035 bp. Both flanking regions contained several stop codons in all three reading frames, as did the other two frames covering the structural gene (data not shown).
The derived primary structure of STABLE is shown in Figure 7 . As expected for an extracellular protein, STABLE begins with a typical signal sequence that we propose extends to Ser24. The mature protease is blocked to Edman degradation, so the precise location of the mature amino terminus is not known. The calculated molecular weight of the mature protease is 145 kDa, which is in excellent agreement with the value of 150 kDa determined experimentally. Furthermore, the nucleotide 744 Current Biology 1996, Vol 6 No 6 Table 1 Inhibition of protease activity. sequence-derived amino-acid composition is in good agreement with the data determined experimentally [8] .
STABLE
A search of current sequence databases using the BLAST program revealed three regions of significant sequence similarity between STABLE and the subtilisin family of proteases (Ala64-Lys75, Thr202-Leu222, and Ser454--Asp741). These three regions correspond to essentially the entire sequence of subtilisins and are separated in the STABLE sequence by two large insertions (Fig. 8a) . The highest degree of similarity between subtilisins and STABLE is found in three areas surrounding the residues that form the charge-relay system of the subtilisin active site and that correspond in STABLE to Asp212, His459 and Ser681 (Fig. 8b) . A second database search using only the sequence of the amino-terminal 63 residues, the two insertions, and the carboxy-terminal 604 residues revealed no additional similarities of statistical significance. In particular, no similarity (either in length or in sequence) was found between the amino-terminal region of STABLE and the proregion of subtilisins. In most members of the subtilisin family, including the two known archaeal members halolysin and aerolysin, this prosequence is conserved and functions as an intramolecular chaperone during the folding of the enzyme [18] .
Discussion
Despite its strong divergence in size and sequence, STABLE is clearly a member of the subtilisin family. In addition to its conservation of the residues required for catalysis, it shows the inhibitor sensitivity of a serine protease and the broad substrate specificity typical for subtilisins. Although the areas of significant sequence similarity to subtilisins of known structure are separated by multiple insertions (Fig. 8b) , they yield a compact subdomain when mapped onto the structure of subtilisin BPN′ (Fig. 9) . These areas are comparatively short and are centred on the elements of secondary structure that form the hydrophobic core. The connecting sequences, which mainly correspond to the surface-exposed parts of subtilisin, are longer in STABLE than in other subtilisins, indicating either that the connecting loops are longer or that the connections are made by a different arrangement of secondary structure elements altogether. As expected, the areas of highest sequence conservation map to the active site and to its immediate surroundings. The two large insertions of approximately 120 and 220 residues (Fig. 8 ) map to opposite sides of the conserved domain (Fig. 9) ; the amino-terminal of the two insertions is located directly adjacent to the carboxyl terminus of the domain and may form a common structure with the 604 following residues that are unique to STABLE. A comparison with subtilisins of known structure (Fig. 8a) shows that we can currently assign a structural fold only to less than a third of the STABLE sequence.
The most striking property of STABLE is its resistance to large changes in pH and to extreme temperatures, even in the presence of denaturing agents. Only a few proteases with similar characteristics have been described so far, mostly from hyperthermophilic organisms, and each has been characterized under somewhat different conditions -making direct comparisons of activity and stability rather difficult. The optimum temperature of 90°C and the denaturation temperature of about 100°C measured for isolated STABLE appear comparable to those of proteases from Sulfolobus acidocaldarius [19] , Thermococcus stetteri [20] , Sulfolobus solfataricus [21] and Desulfurococcus sp. [22] , but appear somewhat lower than those of proteases from Pyrococcus furiosus [23, 24] and Pyrobaculum aerophilum [25] . Stalk-bound STABLE, on the other hand, is significantly more stable, and its heat-resistance, as implied by a residual activity measured after a 10-minute incubation at 135°C, appears to be unique even among these hyperthermostable enzymes.
In recent years, many features thought to increase the thermal stability of proteins have been deduced from comparisons between homologous enzymes from mesophilic and thermophilic organisms. Most of these features, such as extended ionic networks [26, 27] or short, structurally rigid connecting loops [28] , concern the outer protein
Figure 7
Amino-acid sequence of the STABLE polypeptide precursor derived from the nucleotide sequence. The putative signal sequence is shown in red, determined amino-acid sequences are shown in green. Two asparagines that were not detected during Edman degradation, and are therefore probably glycosylated, are shown underlined. Cys952 was not determined. surface. Because the solvent-exposed part of subtilisins is not visibly conserved in STABLE (and because this part may not even be solvent-exposed in the much larger STABLE molecule), we are unable to judge which of these features may be applicable to our system. We note, however, that conserved structural elements are connected by much longer sequences in STABLE than in other subtilisins, indicating that short loops may not be a determinant of its stability. Of the features thought to increase thermal stability that concern the hydrophobic core, most lead to an increase in hydrophobicity and packing density [29] , either by replacement of small residues with larger ones (such as valine to isoleucine) or of hydrophilic residues with hydrophobic ones (such as serine to alanine), although little consensus has been achieved yet on which replacements are actually significant [30] [31] [32] . We note that three conserved valine residues of subtilisins are replaced by isoleucine in STABLE (Ile210, Ile541 and Ile585), but that otherwise most replacements are inconclusive. A sobering note for such comparisons is struck by the studies of stabilizing mutations in thermolysin-like proteases [12] . In these proteins, which autoproteolyse rapidly upon denaturation and are directly relevant to the case of STABLE, stability is increased by mutations that prevent the unfolding of the most labile part of the structure and therefore cluster in one region of the molecule. Such a cluster of stabilizing mutations cannot be identified from sequence comparisons, even in the presence of a detailed structural model, unless experimental data are available on which part of the structure is the most labile.
An additional unique feature of STABLE is its association with the surface layer. Although other enzymes and enzyme complexes have been shown to be anchored to the S-layer by noncovalent protein-protein interactions [33] [34] [35] , STABLE is the only currently known enzyme that is actually an integral, stoichiometric component of the S-layer.
Conclusions
STABLE is an archaeal member of the subtilisin family with an unusual resistance to denaturation by heat, pH or chemical agents. When associated with the surface layer, of which it is an integral part, it maintains proteolytic activity after incubation at temperatures of up to 135°C and thus seems to be unique even among hyperthermostable enzymes. Given that, at around 130°C, the primary structure of proteins becomes unstable, leading to a spontaneous hydrolysis of the polypeptide backbone, this stability may well approach the limit for any protein.
Materials and methods
Bacterial strain and cultivation
Cells of S. marinus were grown as described [5] and kindly supplied by K.O. Stetter (University of Regensburg).
S-layer preparation
Approximately 18 g of frozen S. marinus cells, harvested from about 100 l of culture, were thawed and suspended in 200 mM Tris-HCl, pH 7.7 containing 5 mM MgCl 2 and 1 % (v/w) SDS. Granular sulphur from the culture medium was separated by centrifugation at 78 g for 1 min and discarded. The supernatant containing the S-layer was washed five times from soluble cell proteins with the same buffer by centrifugation at 31 400 × g for 15 min. The S-layer was finally stored at -20°C.
Extraction and purification of the protease
Native STABLE was extracted four times by resuspension of purified Slayer in 200 mM sodium phosphate buffer, pH 4.0, 5 mM MgCl 2 , 0.5 % (v/w) SDS and subsequent centrifugation at 31 400 × g for 15 min. The supernatants containing the protease were pooled and adjusted to neutral pH. The protease solution was then concentrated in Centricon-30 concentrators to a total volume of about 700 l and subjected to molecular sieve chromatography on Superose-6 as previously described [8] . Fractions containing the enzyme were concentrated to a volume of 800 l and stored in 5 % glycerol at -20°C. This protease preparation was used as a stock solution for all studies.
SDS-PAGE
The Tricine system of Schägger and von Jagow was used [36] . The gels contained 8 % polyacrylamide and staining was routinely performed using the colloidal Coomassie method of Neuhoff et al. [37] .
Standard measurements of proteolytic activity
Proteolytic activities were measured routinely by incubating 0.2 l enzyme solution together with 200 l of 10 M peptide substrate SucAla-Ala-Phe-AMC in 100 mM Na 2 CO 3 , pH 9.0 for 1 h at 60°C. The reaction was stopped by the addition of 1 ml of a solution containing 100 mM chloroacetate, 130 mM NaOH, and 100 mM acetic acid. The fluorescence of liberated AMC was measured as described previously [38] . It was ensured that the rate of digestion was proportional to the concentration of protease.
Dependence of activity on pH
To determine the pH optimum of STABLE, proteolytic activity was assayed at 60¡C with pH values ranging from 4.0-12.0. The following buffers were used at 100 mM each: 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.0-7.4; N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES), pH 6.6-9.0; Na 2 CO 3 , pH 8.8-11.4. The temperature optimum of proteolytic activity was assayed by the standard method (see above) at temperatures ranging from 0-100°C.
Dependence of stability on pH and temperature
To characterize the pH and thermal stability of STABLE, the samples were incubated at the given pH (at room temperature) or the given temperature (at pH 9.0) for 10 min and the residual activity was measured at 60°C and pH 9.0 as described above. To determine the thermostability above 80°C, samples were incubated in 0.3 ml reacti-vials and sealed with caps containing tuf-bond discs (Pierce). The vessels were placed in Research Paper Archaeon hyperthermostable protease Mayr et al. 747
Figure 9
Location of conserved sequences in the structure of Subtilisin BPN′ (yellow). The residues forming the charge-relay system are coloured red. The sites of two large insertions in STABLE as well as the carboxyl terminus are coloured green. On the left is shown a top view onto the active-site cleft and on the right a side view along the central ␤-sheet.
a heating block and then heated to the desired temperature (up to 140°C). The vials were immersed in glycerol to ensure rapid thermal equilibration. The temperature inside a reference vessel was measured and the equilibration time was found to be about 3 min. At lower temperatures, Eppendorf reaction tubes placed in a water bath were used. When the S-layer-bound protease was used, the substrate concentration was doubled and the samples were shaken throughout the incubation period. The S-layer was sedimented at 15 000 g for 5 min before adding the stop solution to the supernatant. To analyze the influence of 10 mM Ca 2+ or 1 % (v/w) SDS on the thermostability, 100 mM Na 2 CO 3 buffer, pH 9.0, containing either of these components was used for preincubation at different temperatures and for the activity assay.
Substrate specificity
The substrate specificity of the protease was determined by the standard activity assay using the peptide substrates: Z-Pro-Arg-AMC, Bz-Val-GlyArg-AMC, Suc-Ala-Ala-Phe-AMC, Suc-Leu-Tyr-AMC, Suc-Ala-Ala-AMC, Suc-Ala-Ala-Val-AMC and Z-Leu-Leu-Glu-␤NA (Z, benzoyl carbonyl; Bz, benzoyl; Suc, succinyl; AMC, 7-amino-4-methylcoumarin; ␤NA, ␤-Naphthylamine). The fluorescence of liberated ␤NA was measured at 410 nm after excitation at 335 nm.
Identification of proteolytic cleavage sites in oxidized insulin B-chain
100 g of insulin B-chain were incubated with 1 l enzyme preparation in 100 mM Na 2 CO 3 , pH 9.0 at 80°C for 23 h. After intervals of about 4 h, 2 l of enzyme solution were added. To monitor the progress of digestion the peptides generated were purified by HPLC on a reversed-phase column (Supersphere 60, RP select B, Merck) with a linear 0-40% acetonitrile gradient. The flow rate was 0.3 ml min -1 and the absorbance was monitored both at 206 nm and at 280 nm.
Liquid chromatography combined with mass spectroscopy
Mass spectrometry was performed on line (LC/MS) by coupling of the SMART-System (Pharmacia) to an atmospheric pressure ionization source (ion spray) fitted to tandem quadrupole instrument API III (Sciex). The peptides were separated on a LiChroCart 125-2 (Merck) and 0.1 % trifluoroacetic acid was used as solvent. A gradient from 0-60 % acetonitrile was generated over 150 min and from 60-90 % acetonitrile over 50 min with a flow rate of 20 l min -1 . Each scan was acquired over a range m/z 350-2000 using a step of 0.2 and a dwell time of 0.5 msec. The molecular masses of the peptides were obtained as single ions or calculated from the m/z peaks in the charge-distribution profiles of multiply charged ions [39, 40] . Amino acids or dipeptides cannot be detected by this method
Inhibition of protease activity
The protease was incubated at room temperature for 1 h in 100 mM Na 2 CO 3 , pH 7.0 with the following proteinase inhibitors: 4-(2-aminoethyl)-benzensulfonyl-fluoride hydrochloride (AEBSF), phenylmethylsolfonyl fluoride (PMSF), dichlorisocoumarine (DCI), E 64, N-ethylmaleimid (NEM), iodoacetamide, (p-chloromercuribenzoic acid) PCMB, L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone (TLCK) and L-1-chloro-3-(4-tosylamido)-4-phenyl-2-butanone (TPCK), ethylendiaminetetraacedic acid (EDTA) , HgCl 2 , ZnCl 2 . The residual activity was measured by the standard activity assay.
Polypeptide cleavage procedures and amino-acid sequence determination
The following chemical and enzymatic cleavage procedures were employed to obtain internal amino-terminal sequences: treatment with cyanogen bromide in 70 % formic acid, digestion with endoproteinase Asp-N (Boehringer), and autoproteolytic digestion.
Nucleotide sequence determination
The strategy and the procedures used for sequence determination were essentially the same as for tetrabrachion [9] .
Accession number
The GenBank accession number for the sequence encoding STABLE is U57968.
Sequence alignments and structure comparisons
Database searches were made by electronic mail to blast@ncbi.nlm.nih.gov. Multiple alignments were generated in MACAW [41] . The alignment of subtilisins of known structure was obtained from the DALI server on the World Wide Web at http://www.embl-heidelberg.de/dali/dali.html [42] . A comparison of subtilisin structures was performed in Insight 2.7 (Biosym) on an Evans & Sutherland PS390 picture system.
